Surface heterogeneity-related effects have been studied in the context of biosorption systems designed for the removal of bivalent heavy metal ions from aqueous systems. The research was focused on incorporating these effects into the concept of the ion-exchange (IE) constant. Cases of both correlated and uncorrelated values of the affinity constants towards metal ions and protons were considered. When strong correlations were assumed, the dispersion of the IE constant was smaller (or, in the limiting case, the same) in comparison to the dispersions of the affinity constants. In contrast, when no correlation was assumed, the dispersion of the IE constant was greater than those corresponding to any of the affinity constants. The dispersion of the IE constant could be additionally enhanced by the existence of multi-dentate binding modes related to the metal ions. † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at
INTRODUCTION
Biosorption is a relatively new technology using inactive and dead biomasses to remove pollutants (dyes, heavy metal ions, phenolic compounds, etc.) from aqueous solutions. Experimental measurements focused on heavy metal ion biosorption have shown that pH is one of the most important technical factors influencing biosorption efficiency (Veglió and Beolchini 1997; Volesky and Holan 1995) . Normally, the starting point for both quantitative and qualitative descriptions of the pH-dependent equilibrium in a given biosorption system is the formulation of some simple equations corresponding to the physical and chemical processes occurring on the biosorbent surface, e.g. the complexation of metal ions. Furthermore, the mass-action law can be applied and the thermodynamic equilibrium constants may be defined by employing appropriate concentrations of adsorbate in both the bulk solution and the adsorbed phase. Procedures such as these have been applied in many cases involving both algae-and bacteria-based biosorbents and have led to the development of more advanced models that can be used in the description of heavy metal ion biosorption phenomena (Fourest and Volesky 1996; Schiewer and Volesky 1997; Yun et al. 2001) .
Recent theoretical studies have confirmed that the choice of elementary reactions -presumably those responsible for binding metal ions -is of essential importance for the further modelling of the overall process. In addition, even the mathematical details related to the description of the problem can have a significant influence on the features of the developed model. Two recent observations regarding the binding of heavy metal ion may be mentioned. Thus, Plazinski and have shown that the assumption of 1:2 stoichiometric should be applied to MX 2 -type surface complexes (where M is the metal ion and X is the binding site), but not to M 1/2 X complexes which are frequently assumed to exist (Schiewer and Volesky 1997) . The latter approach does not take into account the correlation between sites binding a single metal ion and can only be used as an approximate method, giving correct results for relatively high metal ion concentrations in the bulk solution. Secondly, simple comparative analysis of biosorption models has revealed that both the competitive adsorption mechanism and the ion-exchange mechanism may lead to the same mathematical expressions describing the equilibrium state in a binary sorption system containing protons and metal ions. The differences are connected mainly with the theoretical interpretation of some parameters, especially the equilibrium constants.
The main aim of the present paper is to extend the considerations presented earlier by Rudziński and Plazinski (2010) and to describe the study of heterogeneity effects in biosorption systems containing protons and metal ions. In such systems, it has been noted that "equivalence" of the ion-exchange and competitive adsorption models is valid as long as only the equilibrium state is considered . The situation is different when both non-equilibrium features and heterogeneity effects are considered [cf. papers by Plazinski (2010) and Plazinski and Rudziński (2009) , respectively]. In the latter case, one can distinguish the dispersion of only the ion-exchange constant value (when the ion-exchange model is considered) or the dispersions of two different affinity constants, i.e. defined with respect to metal ions and protons (for the competitive adsorption model). The relationships between the appropriate models and associated constants will be the subject of the sections below.
THEORY
The competitive adsorption (CA) model originates from the simple assumption that uptake of both metal ions and protons is only possible through adsorption onto free binding sites (multi-siteoccupancy adsorption being allowed in the case of the metal ion). Then, the influence of pH is mainly the result of competition for free sites between the metal ions (M nϩ ) and protons (H ϩ ). The two reactions corresponding to this model can be written as follows:
(1)
where X Ϫ denotes the free anionic binding site, HX is the site occupied by the proton and MX n is the surface complex involving the metal ion. The surface concentrations of these quantities will be denoted as [X Ϫ ], q H and q, respectively, all with units of mol/g. The corresponding equilibrium sorption isotherm equation can be derived from the two following relationships, based on the mass-action law:
(3)
where K M and K H are the equilibrium constants for reactions (1) and (2), respectively, while C and 10 ϪpH represent the activities of the metal ions and protons in the bulk solution (in mol/ᐉ units).
Analytical solutions for q(C, pH) are possible when the number of sites involved in binding a single metal ion (n) is a small integer, which corresponds to the majority of physical situations. For instance, when n ϭ 1, equation (3) reduces to the so-called multi-component Langmuir (Markham-Benton) isotherm equation.
The ion-exchange (IE) reaction between the dissolved metal ion and bound proton(s) can be represented as follows:
(5) and the ion-exchange equilibrium constant (κ) associated with the above reaction is given by equation (6): (6) In order to avoid the necessity of using q H and [X Ϫ ] concentrations, it is necessary to introduce the total concentration of binding sites (N s ). Then, it appears that independently of the initial assumptions, both the IE and CA models converge to the same mathematical expression, i.e. (7) where k is equal to κ or K M /(K H ) n , for the IE or CA model, respectively. For the sake of clarity, K a (the deprotonation constant, i.e. K a ϭ 1/K H ) was used instead of K H . Details of the similarities between the IE-and CA-related models are given elsewhere Crist et al. 1994) . Here, the straightforward relationship:
(8) becomes obvious. Equation (8) can also be obtained from the direct combination of equations (3) and (4) and their comparison with equation (6).
The incorporation of surface heterogeneity-related effects into the CA model has been considered by a number of authors (Koopal et al. 2005; Milne et al. 2003; Rey-Castro et al. 2003) . There are two alternative ways of solving the same issue when considering the IE model. The first method is based on averaging over the κ-value, since κ can vary from one binding site to another. However, one still has to consider the dispersion of the K H values, as expressed in equation (7). This prevents the creation of a paradox according to which surface heterogeneity can be described by introducing the dispersion of one (CA) or two (IE) variables, despite the mathematical equivalence of both considered models. The simplification to the "one-variable case" is also possible when the condensation approximation approach is applied, as demonstrated by Plazinski and Rudziński (2009) . The second method of generalizing the IE model is to express the surface heterogeneity in terms of K M and K H (as in the case of the CA model) and then to interpret the Numerous analytical or numerical dependencies can be postulated to describe the relationship between K M and K H . In the present case, we have applied the following function:
where ∆ is a constant. Equation (9) indicates that both distributions of K M and K H have the same shape but are shifted with respect to each other by the value of ∆. Some other similar relationships can be found in the literature on gas/solid systems (Rudzin´ski and Everett 1992; Nieszporek et al. 2006) . It should be mentioned that in many cases there are sufficient data to indicate that some correlation exists between the values of K M and K H . This is understandable in terms of the physical interpretation of the biosorption process, according to which the same anionic groups can bind both protons and metal ions. The chemical character of a given binding site determines the values of K M and K H which are characteristic of it. An example is the Sargassum algae biomass, containing sulphonate and carboxylic moieties, both capable of binding protons and metal ions but differing in their binding affinities. This example will be extended below.
The numerical calculations were aimed at estimating the impact of the surface heterogeneity expressed in the usual way (i.e. through the dispersion of the K M and K H values) which influences the values of the ion-exchange constant. The procedure was conducted as follows:
1. Generating the log K M and log K H values according to their accepted probability distributions and parameters. 2. Calculating the corresponding κ-value and its probability according to the accepted model (i.e. with or without a correlation between the values of log K M and log K H ). 3. Comparing the obtained Ξ κ (κ) probability distribution with the "input" distribution, viz.
Ξ M (K M ) and Ξ H (K H ), in terms of their mean values and standard deviations (denoted as σ M , σ H and σ κ ).
Both continuous (Gaussian) and discrete distributions were considered. Their parameters (mean, standard deviation, etc.) roughly corresponded to the algae/alginate-based biosorption system. The number of generated (log K M ; log K H ) points was equal to 10 7 . In addition, some studies were performed in order to determine whether the discrete distributions of both K M and K H values may be approximated in terms of only one constant, i.e. κ. For this purpose, we introduced the weighted mean of the κ constant:
where f i is the fraction of sites characterized by the K M,i and K H,i values of the affinity constants. Also, in this case, the studied parameters corresponded to a real biosorption system, viz. Sargassum/Cd 2ϩ , according to the data reported by Schiewer and Volesky (1995) . 
RESULTS AND DISCUSSION

Continuous distribution and correlated values of K M and K H
First, it should be noted that the assumed mathematical character of the correlation in combination with equation (8) imposes the condition that the κ-values should exhibit no dispersion when n ϭ 1. The same effect, but more general, i.e. applying to all possible values of n, can be obtained by assuming other relationships linking log K M with log K H , i.e. log K M ϭ n log K H ϩ ∆. In other words, the combination of two distributions, i.e. Ξ M (log K M ) and Ξ H (log K H ) yields the Ξ κ (log κ) function, this being the delta Dirac function: δ(κ -K M /K H ). This is due to the purely mathematical properties of the Gaussian (symmetrical) distribution and the postulated type of correlation. However, this observation confirms that the surface heterogeneity-related effects can be diminished by expressing them in terms of the ion-exchange constant instead of the K M and K H affinity constants, as is the normal procedure.
Other studies were performed for n ϭ 2, when the above-mentioned effect was not observed. However, in this case as well, the transformation (log K M ; log K H ) → log K κ leads to very simple results. The Ξ M (log K M ) and Ξ H (log K H ) distributions are characterized by the same value of the standard deviation [as imposed by equation (9)]; thus, the remaining parameters are their mean values. The following results were obtained: (i) the standard deviation of the Ξ κ (log κ) function is always equal to those characterizing the Ξ M (log K M ) and Ξ H (log K H ) distributions; (ii) the mean value corresponding to Ξ κ (log κ) can be calculated directly from equation (8). All the obtained Ξ κ (log κ) functions were Gaussian, by analogy to the "input" distributions.
The above results lead to the conclusion that in systems where a strong correlation exists between the K M and K H values, the corresponding dispersion of the κ-values is not larger than that inherent in the "original" Ξ M (log K M ) and Ξ H (log K H ) distributions.
Continuous distribution and uncorrelated values of K M and K H
The common feature of the Ξ κ (log κ) distributions generated in this part of study is that their mean values are always equal to κ ϭ K M /(K H ) n . Dependencies describing the relationships between standard deviations of corresponding distributions are more complicated. Some of the results are presented in Figure 1 . It will be noted that the value of σ κ is always greater than the accepted σ M and σ H values, provided that both of the latter parameters are non-zero numbers. In a similar manner to the previous case, the generated Ξ κ (log κ) functions were also Gaussian.
In contrast to the results reported above, the lack of correlation between the K M and K H values increases the dispersion of the κ-values. The extent of such an increase depends on the binding stoichiometry and is larger for n ϭ 2. This is especially noticeable for the large dispersion of K H , due to mathematical features of the ratio on the right-hand side of equation (8). The following dependencies were found between σ M , σ H and σ κ : σ κ is nearly linearly dependent on σ M at a constant value of σ H , provided that σ M is sufficiently large. The existence of the following limit was also found: 
Discrete distributions of correlated values of K M and K H
The third case considered focused on the chemical heterogeneity of the biosorbent materials. The pH-dependent forms of the adsorption isotherms [i.e. q(C, pH)] generated on the basis of the CA model were compared with the IE isotherms, while the (average) κ constant was assumed to satisfy equation (10). It should be noted that only one approximation is tested here, viz. that connected with the possibility of replacing K M and K H by κ, as expressed by equation (10). When approximation (10) is neglected, K M and K H , corresponding to a given type of binding site, can always be replaced by a number of κ constants. For such assumption, the course of the q(C, pH) isotherms thereby obtained will remain unchanged.
The selected results are shown in Figure 3 . They confirm that the approximation is realistic only when considering the range of pH values below the lowest pK a value for a given system. Another requirement is that the binding of the metal ion should be unidentate (n ϭ 1). In other words, approximation (10) holds when the ion-exchange process [represented by equation (5)] is responsible for nearly all events of metal-ion binding. As the biosorption process is carried out in most cases at pH Ͼ pK a (due to its efficiency), replacing two affinity constants by only one ionexchange constant seems to be of very limited use in practice. As expected, the accuracy of the approximation is higher if the abundance of one type of binding sites is much larger in comparison to the remaining types. The behaviour of the system can then be approximated by the model of a homogeneous surface and (in the limiting case) the "CA versus IE" issue reduces to algebraic transformations, according to equation (8).
Equation (10) fails dramatically for n ϭ 2. Under these circumstances, the values of q predicted by means of this approximation are much higher than those calculated in terms of the corresponding affinity constant. This observation is independent of both the pH of the bulk solution and of the assumed values of the affinity constants; even for pH ϽϽ pK a , the values of q obtained are over-estimated by a factor of ca. 4. The (approximately) correct prediction is possible only for limiting values of the metal ion concentration.
CONCLUSIONS
Metal ions/biosorbent systems were studied from the viewpoint of the effects related to the surface heterogeneity and their transposition into the concept of the ion-exchange constant. The dispersion of the ion-exchange constant is strongly dependent on (i) the nature of the dispersion of the affinity constants towards metal ions and protons, and (ii) the existence or the lack of correlation between the values of the affinity constants towards metal ions (K M ) and protons (K H ). When strong correlations are assumed, the dispersion of the ion-exchange constant is smaller (or, in the limiting case, the same) relative to those of the affinity constants. On the other hand, when no correlation is assumed, the dispersion of the ion-exchange constant is greater than those corresponding to any of the affinity constants. Furthermore, the approximation proposed for systems with discrete distributions of K M and K H , and based on replacing several affinity constants by only one (average) ion-exchange constant, is exact for pH values lower than the lowest value of pK a and for systems in which only the unidentate binding mechanism exists. 3 . Comparison of the theoretical adsorption isotherms calculated for a system characterized by two kinds of binding sites ("1" and "2") and binding stoichiometry ϭ 1. The calculations were performed for log K M,1 ϭ 4.9, log K H,1 ϭ 4.8, log K M,2 ϭ 2.8, log K H,2 ϭ 2.5 and N s ϭ 2 mmol/g. The solid, dashed and dotted lines correspond to pH ϭ 1.5, pH ϭ 2.5 and pH ϭ 3.5, respectively. The circles denote the calculations for the ion-exchange model, according to equation (7) and approximation (10).
